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Mathods and charts are presented for estimating the critical com- 
preasiblllty speeds of a large number of airfoils and streamline "bodies • 
A method Introduced to allow for the combination of these parts permits 
the estimation of the critical speed of an airplane wing Including the 
effects of fuselage and nacelles. The systematic effects of thickness, 
thickness distribution, camber, camber location, leading-edge radius, 
and lift coefficient are considered. 

The results Indicate that with a given lift coefficient the thick- 
ness of the airfoil or of the body Is the primary factor controlling 
Its critical speed. Tor high values of critical speed, the location of 
maximum 'thickness and maximum camber should be near the 50-percent- 
chord point. An airfoil should be designed to have a high value of the 
critical speed for the lift coefficient at which high-speed operation 
vill occur. 



HHBOEUCTIOIT 



The critical Bpeed is defined as the speed at which a breakdown 
in flow, caused by compressibility effects and known as the compressi- 
bility burble, occurs. This flow change is usually evidenced by a 
rapid rise in the drag coefficient. At about the same speed, there 
is generally a marked change in the lift coefficient. The difficulties 
of flight under such conditions are apparent. These adverse effects 
were first observed on propeller tips but, as the speed of flight 1b 
Increased, the critical speeds of other parts of the airplane may be - 
reached. It therefore becomes necessary to estimate whether the 
critical speed of any part of an airplane lies below the highest speed 
for which the airplane is designed and, if so, to choose an airfoil 
and body combination having a critical speed higher than the m» Timing 
speed of the airplane or at least having as high a critical speed 
as possible. 

Because the propeller was the part of the airplane on which critical 
flow was first observed, Investigation of the critical speeds of airfoils 
has beon primarily concentrated on propeller sections. In addition to 



the tests of propellers operating at high tip speeds, the results of tests 
of various airfoil sections suitable for use in propellers are available. 
Clark T and R.AJP. 6 sections have been tested In the HACA 11 -Inch high- 
speed tunnel (reference 1) ■ Among 16 related airfoils tested (reference 2) 
one suitable for propeller sections (the HACA 2I109-3I1.) was found to give 
lover profile drag at high, speeds vith low or moderate lift coefficients 
than propeller sections commonly used. 

Experiments on an HACA 14+12 airfoil reported In reference 3 were 
concerned with the Investigation of the nature of the flow changes that 
occur In the high-speed range. The large Increase In drag associated 
with the compressibility burble was shown to correspond to the loss of 
available energy behind a shook wave somewhat similar to that formed at 
the nose of a bullet in flight. The Incipience of the shock wave was 
found to co r respond rather closely to the attainment of the local speed of 
sound at some point on the airfoil. It was therefore concluded that 
critical speeds could be estimated with reasonable accuracy from a 
knowledge of the pressure or the velocity distribution. 

The present report Is concerned with the practical application of 
the method of predicting critical speeds from low-speed velocity distri- 
butions. The paper la divided Into three sections. Part I briefly 
reviews the theoretical basis and discusses the accuracy and the 11ml- 
tatlons of the method used. The principal, section, part U, presents 
and explains the use of charts for estimating critical speeds; this 
portion may be directly used for airplane design work without reference 
to the other sections. Part HI discusses the shape characteristics 
Indicated by the method to be desirable for high-speed airfoils. 

This paper was originally prepared In 1939 • Since that time further 
knowledge and additional understanding of compressibility effects have 
been obtained. Certain additions and revisions have therefore been made. 
The most Important changes are (a) the substitution of the more accurate 

von Earman compressibility factor for the factor previously 
used for estimating the change In pressure coefficient with Mach number, 
and (b) the Inclusion of a method to allow for the necessary change with 
Mach number of the airplane lift coefficient. 



I. THE USE OF PEAK PRESSURES IN ESTIMATING- CRITICAL SPEEDS 

This section briefly presents the theory and the experimental 
evidence for the occurrence of the compressibility burble and for the 
prediction of critical speeds far pressure or velocity distributions. 
The limitations of the method and the factors affecting its accuracy are 
also discussed. 
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Theory 



As the speed of flight is Increased, a speed — or more definitely a 
Mach. number, (the ratio of the speed of flight to the spread of sound in 
air) — is reached at which the local airspeed, at same point an the airplane, 
for example on the wing, attains or slightly exceeds the speed of sound. 
Various considerations suggest that, at this speed, a shock wave may form, 
terminating the supersonic flow. (See reference h.) The flow through the 
shock Is nonlsentropic and a loss in total pressure occurs. The corre- 
sponding increase In drag of the airfoil may he very large. The theory 
of shock waves and of compressible flow, "both "below and above the speed 
of sound, is discussed in reference 5. 

The existence and the nature of shock waves on airfoils have been the 
subject of considerable investigation. Schlleren photographs have "been 
obtained of shock waves on airfoils tested in the HACA 2U— inch high- 
speed tunnel (references 3 and 6) . Investigations have also been made 
of the drag increase, the change in lift, and the total pressure loss 
caused by these waves. Shock waves of somewhat less severity have been 
obtained on an airfoil tested In an open-throat tunnel in Italy (refer- 
ence 7) • Further study of the compressible flow Is necessary to determine 
with quantitative accuracy the effect of compressibility on airplane 
performance. Nevertheless, experiment supports the conclusion that shock 
waves, involving large losses In efficiency, may occur on airfoils when 
the relative local velocity at any point reaches or slightly exceeds the 
speed of sound. 

If the critical Bpeed is assumed to be equivalent to the flight Bpeed 
at which the speed of sound Is attained at same point, the critical speed 
can evidently be predicted from a knowledge of the TngnMimim Telocity (or 
minimum pressure) on the airfoil. The required relation between peak 
negative pressure and critical speed will now be developed. The following 
symbols are used: 

p pressure 

p density 



a 



speed of 




V 



velocity 



V, 



cr 



critical 



velocity 



7 



ratio of 



specific heats 




of air 



P 




k 



M 

Mcp 



Maoh mmber (7 0 /a^) 
critical Maoh number 
t ordinary temperature, °E 

T absolute temperature (U6o + t) , °F 

Subscripts: 

0 -values In the undisturbed stream 

cr values -when the local speed of sound has been reached at sons point 

1 values for Incompressible flow 
From the Bernoulli equation for compressible flow, 



(1) 



from vhlch 



a 2 P TP© P 



Co) "Co) 



(2) 



At the critical speed, the values of pressure, velocity, and speed of 
sound at the point where the local speed of sound has been attained 
are p ■ p cr , V ■ a cr , a » ac r ; so that, from oquatlon (2), 



"cr 
"o 2 



from which 



a cr 2 2 f 

-o 2 ' ■> + 1 V 




(3) 




Per ' Bo g °o' 
1 " rv„ 2 



op, writing 



and letting 



cr 



L 7+1 v 2 «ovJ 



(5) 



a^" ™ M o y - l.li- for air 



p cr " p o 

q " cr 



(6a) 
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or, if P la considered the Independent variable, 

P . g |[o.83* (l + 0.2 M^ 2 )] 3 - 5 - i (6*) 

where M is the critical Mach number, This equation gives the 
cr 

critical pressure coefficient P cr corresponding to any Mach number Mq 
or the critical Mach number M Qr corresponding to any pressure coef- 
ficient P. 

The critical speed V cr corresponding to M cr depends on the 
speed of sound 

a Q = 14-9.1 foot per second 

= 33-5 V^o 1011813 P er nour 

Therefore, 

V cr = x Bq = M(. r x 1*9.1 yfr^ feet per second 
= Mqj. x 33.5 "v/Tq" miles per hour 

Equation (6) cannot he used directly for the prediction of 
critical Mach numbers from lov-speed or calculated pressure distributions 
because, in general, the absolute values of the pressure coefficient P 
Increase with Mach number. Ackeret (reference 8) has shown that, for a 
particular form having Fonnll induced velocity, the pressure coefficient 

should theoretically Increase (in absolute value) as l/y/l - M Q 2 . He 
achieved this result by neglecting the two terms in the general equation 
of continuity that contain the velocity normal to the forward velocity 
as a factor. Both of these terms are small but one of them is not entirely 
negligible, even for a form only 1 percent thick. Glauert (reference 9) 
making the same assumption as to the thinness of the airfoil, obtained 

the same factor. M_ , for the Increase in lift (or lift-curve 

slope); from these results it can be deduced that the average pressure 

coefficient should Increase by this same factor. The Increase with Mach 
number of lift-curve slopes for airfoils of moderate thickness is in 
approximate agreement with this theory. (See reference 5«) In most 

cases, even for moderately thick airfoils, the increase of the peak . _ 

negative pressure coefficients follows approximately the factor l/\a — Mq . 
(See, for Instance, reference 3-) As the theoretical factor Is applied 
to larger and larger values of the peak negative pressure coef- 
ficient (-P*) , however, it Is found increasingly to underestimate the 

V -7 max 
rise in value with Mach number. 
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A factor given "by von Karman In reference 10, which takes account 
of thiB effect, 1b 



2(i + v/i - n, 2 ; 



When Pj is negative, thi,B expression Increases more rapidly with M than 

does l/\/l - Mo 2 » and. the larger the absolute value of P^ the more rapid 

is the Increase. The. von Barman relation was derived "by a study of the 
f lov equation in the velocity plane (hodo graph method) • In order to 
obtain a general solution, the assumption y ■ -1 vaa made* The derived 
factor thus strictly applies only to a fictitious gas for which y ■» -1, 

1 - M 2 

but an approximate solution obtained by assuming r — equal to a mean 

1 - Ho 2 p 
value — yielded an expression increasing with Mach number only a 

Po 2 

little more rapidly than that obtained by assuming y ■ -1. The result 
obtained is clearly not greatly influenced by the value of y ueed. 
Regardless of the theoretical questions involved, however, the expression 



V 2(1 + ^1 - «*) 



is shown by experimental evidence, of which that cited In reference 10 is 
only one example, to express the Increase In absolute value of the ne&Ltive 

pressure coefficient more accurately than l/\/l - M^ 2 and as accurately, 
in fact, as can be expected vith any single mathematical formula. 

Jacobs (reference h) , assuming that the pressure coefficients increase 

vith Mach number according to the factor lj\J 1 - Mq 2 , obtained a relation 
between the maximum low-speed negative pressure coefficient (-Pi)___ and 



the critical Mach number. A similar relation can be obtained vith the 
von Karman factor by substituting 



X . + " ci^ Pi 
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In equation (6b), "whence 



- (7) 



2 (l Wl-M^) 

-where F Is to be taken from equation (6b) . Equation (7) forme the basis 
for the prediction of critical speeds 'from computed or low-speed pressure 
distributions. The critical Mach number M(j r of an airfoil is determined 
by the largest negative pressure coefficient (""^^max existing at any 
point on the surface. 

Accuracy of the Method 

The exactness with which critical speeds may be predicted from the 
critical-speed curve obtained from equation (7) depends on the correctness 
of the assumptions Involved and also on the precision with which the 
pressure coefficients can be obtained. 

The first assumption, that the compressibility burble corresponds to 
the attainment of the local speed of sound at some point on the airfoil, 
has been verified for two-dimensional flow by the results of reference 3 ■ 
This assumption has also been verified in the case of three-dimensional 
flow over cowlings (reference 11) . 

Change of pressure with Mach number .— The second assumption, that 
the pressure coefficients Increase in absolute value according to 
von Karman's factor 



^1 - Mo 2 



Mo 2 p i 
2£ + \fr~-M 0 2) 



may be compared with the results of Kaplan's theoretical Investigations of 
the subsonic compressible flow about elliptic cylinders, (reference 12) wnfl 
about symmetrical Joukowski airfoils (reference 13 ) . These investigations 
indicate that the peak negative pressures rise more rapidly than those at 
other points on the airfoil, a result which is in agreement with the theory 
of von Barman. Experimental results on a Joukowski airfoil (reference lit), 
as well as unpublished pressure data obtained in the HACA 8— foot high— . 
speed tunnel, show qualitative agreement with the theory of Kaplan. The 
rise of the peak negative pressures with Mach number, however, Is more 
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rapid than that predicted "by Kaplan 'a theory, which gives a rate of 
Increase less than 

- 3, 

V S(l + y/l - Mo 2 ; 

This result nay "be due to Insufficient accuracy of Kaplan's second approxi- 
mation. Thus, the factor - 

1 

¥ 2Q. + ^1 - K*) 

seems to express the Increase of the peak negative pressure coefficient morn 
satisfactorily than the theory of Kaplan carried to a second approximation, 
although additional approximations may he expected to give "better results. 

Examination of a large number of pressure distributions obtained In 
the NACA 8-foot high-speed tunnel shoved negative -pressure peaks Increasing 
In some cases more rapidly and In other cases less rapidly than 

V '2(l + y/l - Ho 2 ) 

For the cases In which von Herman's factor underestimates the Increase, 
figures 12(a), (b) , (c) of reference 10 are typical In that the underesti- 
mation Is usually small • In cases for vhlch von Earman's factor overesti- 
mates the Increase, the difference may be large. The reasons for failure 
of the actual Increase to follow the theoretical factor are nov fairly well 
understood. The theory 1b based on the assumption that the flow follows 
the contour of the airfoil but actually, because of viscosity effects, the 
flow path often departs from the airfoil surface. This departure 1b always 
of Buch a nature as to tend to decrease the peak negative pressure coeffi- 
cient?, if at low speeds the flow In the vicinity of the position of the 
negative-pressure peak Is laminar and falls to follow the airfoil contour, 
it may at higher speeds (larger Reynolds numbers) become turbulent and 
follow more closely the airfoil surface. The negative-pressure peaks may 
then Increase more rapidly than by ine factor 

1 

m 
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If, on the other hand, the flow Is critical as regards separation throughout 
the Mach number range or if , "because of Reynolds number or Mach number 
effects o£ a combination of "both, it "becomes critical, the tendency of the 
peak negative pressure coefficient to increase with Mach number may he 
counteracted "by a wider departure of the flow from the contour, and the 
peak may fail to increase or may even decrease in value. Except for cases 
involving severe separation, which in itself produces effects similar to some 
of those observed when the critical speed Is exceeded, the von Karman factor 
generally expresses satisfactorily the experimentally determined increase 
of the peak negative pressure coefficients with Mach number. 

The von Barman factor was derived only for two-dimensional flow and 
generally overestimates the compressibility effect for three-dimensional 
flow. With "bodies of revolution, for Instance, the compressibility factor 
has been found theoretically to decrease with increasing slendernesB of 
the body and to approach unity for fineness ratio approaching infinity. 
(See reference 15 .) The critical speed of complete airplanes will not 
likely be determined by the pressures over slender bodies, however, because 
the velocities induced over such bodies are small; and for blunt bodieB 
or other bodies having induced velocities comparable to those over wings 
the von Karman factor may be assumed to apply with reasonable approximation. 
This assumption haB been found to be correct for the very large peak 
negative pressure coefficients on radial-engine cowlings (reference 11) as 
well as for much lower peaks found on other bodies tested in the HACA 8-foot 
high- speed tunnel. In the case of the sphere, comparison with the theory 
of Kaplan (reference l6) Indicates that the von Karman factor may slightly 
overestimate the increase of peak negative pressure coefficient with Mach 
number. These examples BUggest that for practical application the 



may satisfactorily estimate the increase In peak negative preBBure coeffi- 
cient for three-dimensional as well as for two-dimensional flows. The use 
of this factor in this report for three-dimensional flows is considered 
conservative . 

Estimation of the peak negative •pressure .- The pressure coefficients 
over the forward portions of airfoils and near the negative-pressure peaks 
can, in moBt cases, be computed with sufficient accuracy from the potential 
theory. But In the case of high, sharp, negative-pressure peaks, involving 
large positive pressure gradients, flow separation may occur, particularly 
at low Reynolds numbers; and the peak negative pressure coefficients can no 
longer be accurately computed. If separation occurs, the critical speed 
estimated from the computed peak may be too low because the predicted peak 
negative pressure is higher than that act ually attained. On the other hand, 
critical speeds predicted from negative -pressure peaks obtained experimentally 
at low Reynolds numbers may be higher than the values actually attained at 



von Karman factor 



1 
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higher Reynolds rranibers because, as the Reynolds number Is Increased, peak 
negative pressures occurring near the nose tend to app r o ach more nearly the 
theoretical value . The flow changes occurring near the ' critical speed are 
incompletely understood, hut theoretical peak negative pressures may he a 
more satisfactory criterion for estimating the critical speeds than experi- 
mental, values obtained at lov Reynolds numbers* 

High, sharp pressure peaks with the accompanying large positive 
pressure gradients causing separation usually occur near the leading edge. 
For a symmetrical airfoil, the height and the sharpness of the peak 
increase -with the lift coefficient. This Increase is greater the smaller 
the leading- edge radius or the thinner the airfoil. (See pt« in.) For 
a cambered airfoil, there is some lift coefficient for which the peak 
negative pressure is a minimum. Cambered airfoils, particularly those 
having small values of the leading- edge radius, often have high sharp 
peaks on the lover surface when operating near zero lift. 

The effect of high, sharp, negative-pressure peaks is illustrated 
In table I, -which presents a comparison between estimated and experimentally 
determined critical speeds for 15 HACA airfoils tested in the HACA 11- Inch 
high- speed tunnel. (See reference 2.) The experimental determination of 

TABLE I 

COMPARISON OF ESTIMATED WITH EXPERIMENTALLY BETEHMIHED 
CRITICAL MACH HUMERUS FOR 15 HACA AIRFOILS 
{Experimental values taken from reference 2j 



HACA 


At c- 


u 0 0 


At o v 


I- 0 - 2 


At c^ ■ O.k 


airfoil 


Esti- 


Experi- 


Esti- 


Krperi- 


Esti- 


Experi- 




mated 


mental 


mated 


mental 


mated 


mental 


0006-62 


0.81 


O.85 


0.6l 


0.77 


0.U7 


0.62 


0012-63 


.72 


.76 


.63 


.72 




.62 


0009-63 


.76 


.80 


.62 


•7^ 


•52 


.66 


0009-62 


•70 


•73 


.62 


.69 


.51* 


.60 


0009-6U 


•77 


.83 


.61 


•77 


.50 


.63 


0009-65 


•78 


.79 


.62 


.76 


•50 


.67 


0009-66 


•77 


.77 


.62 


.73 


.50 


.63 


0009-03 


•76 


.80 


0 


•73 


0 


.63 


0009-33 


•77 


.80 


.59 


.72 


.kk 


.63 


0009-93 


.62 


•79 


.52 


•70 


.1*5 


•5k 


0009-05 


.81 


.82 


0 


.79 


0 


•75 


0009-35 


.81 


.80 




•77 


.39 


.69 


0009-^ 


.80 


.80 


.56 


.Jh 


.ho 


•70 


2209-3 1 * 


.52 


•79 


.72 


•75 


.66 


.68 


2lt09-3U 


.62 


.78 


.73 


•7* 


.69 


•71 • 
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the critical speed vas "based on the sharp drag Increase occurring at 
the critical speed. These airfoils were tested at low Reynolds numbers; 
the chord vas only 2 inches- The flow must have "been laminar over e 
considerable portion of the airfoils and would therefore separate In' 
regions of large positive pressure gradient. Every case of Berlous 
disagreement between the estimated and the experimental values of the 
critical Mach number might reasonably "be explained as "being the result 
of flow separation. At high Reynolds numbers, the actuel critical speeds 
might therefore be expected, In most cases, to agree more nearly with the 
estimated values. In cases In which separation Is not a factor, the 
agreement between estimated and experimental critical Mach. numbers Is 
almost vlthln the error of the estimation of the critical speeds from 
the experimental drag values. 

Further experimental results are needed to ascertain at what value 
of the peak negative pressure and for what sharpness of the peak the 
"breakdown of the flow occurs and, when such breakdown of the flow does 
occur, whether the critical speed corresponds more closely to the actual 
or to the theoretical peak negative pressure. Such Information would be 
of value especially for estimating the critical speed in a dive, In which 
case an airfoil designed for lift would be operating near zero lift and 
might have a high sharp peak on the lower surface near the nose. 



The failure of the method In the case of separation of the flow, 
when the theoretical peak negative pressure coefficients are used for 
the estimation of the critical speeds, Is generally of little practical 
consequence for the following reasons: 

(1) In regard to this type of error, the method is conservative; 
that is, higher critical speeds are attained than will be estimated. 

(2) At high Reynolds numbers, the method will usually be more accurate 
"because with the negative-pressure peak in the most common position near 
the nose separation will be less likely to occur. 

(3) When separation occurs, the flow is usually undesirable from 
considerations of lift and drag, and the critical speed is no longer 
required. 

It may be concluded that, In general, critical speeds may be estimated 
with reasonable accuracy from the theoretical peak negative pressures (or 
from the peak velocities) . The method is inaccurate for cases In which 
high sharp peaks occur, not only because In some Instances the theoretical 
peak may not be attained but also because in others the increase in peak 
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negative pressure may "be somewhat more rapid than Indicated "by the factor 

Although the critical speeds may, If separation occurs, be estimated 
considerably too low, they will not ordinarily be estimated much too high . 
The cases for which the estimation Is unsatisfactory are precisely those 
for which the flow is undesirable because of other considerations. 



IT. CHARTS FOR USE HI JEST1MATUU CRITICAL SPEEDS 



In this section are presented charts (figs. 1 to 7) to facilitate 
the estimation of critical speeds from theoretical low- speed peak negative 
pressure coefficients (-Pi) mai . The method is based on the critical Mach 

number curve given by the approximate relation (7) of part I. The low- 
speed pressure coefficients Pi of this curve have been converted to 
the corresponding velocity coefficients 

T i / 

and these coefficients have been plotted against the critical Mach 
numbers to give the curves of figures 1 to 6. On the same charts 

are presented peak- velocity coefficients ^l/^o)^^ for a l^fl 6 number 

of airfoils and, in figure 6, for prolate spheroids and for a few 
streamline bodies. (See references 17 to 22.) The critical Mach number 
is estimated simply by moving horizontally from the point representing 
the peak velocity for the airfoil to the curve }f or then vertically 

upward to the M-r scale* Such an estimation for Hie NACA 2I4I5 airfoil 

at an Incompressible-flow lift coefficient of ■ 0.2 is Indicated 

"by the dashed lines In figure 3 • The estimated critical Mach number is 
approximately 0 .675 ■ The critical speed may be obtained from the critical 
Mach number by the relation 

V cr m Mqp x US'lVh&O + t feet per second 

- Mc r x 33 -5 JteO + t miles per hour 

where t is the air temperature in °F. 

The pressure coefficients P lf from which the velocity coeffi- 
cients Vi/7 0 used in estimating the critical speeds have been obtained, 
were computed on the basis of the assumption of potential flow. The 
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coefficients for two- dimensional flow have been obtained "by the method of 
reference 23. Theoretical pressure distributions for 20 airfoils are given 
In reference 2k • Other distributions can be obtained from references 25 
and 26 "by the method of reference 26. Reference 27 gives the theory used 
In computing the pressures over ellipses and prolate spheroids. The 
pressures over the HACA fuselage form 111 and form 211 modified were 
computed from a source- sink distribution defining the body (reference 17) > 

For readers unfamiliar vith the system of designating HACA airfoils, 
a brief explanation will be given here. For the airfoils designated by 
four digits, such as the BACA 1(412 airfoil, the first digit Indicates the 
mean camber in percent of the chord, the second digit gives the position 
of the m*T*Tmim camber In tenths of -the chord back of the leading edge, 
and the third and the fourth digits give the marl mum thidmess In percent 
of tiie chord* When the designation has two additional digits preceded by 
a dash, the first additional digit designates the leading-edge radius; 
and the second, the location of the mwrlTtnim thickness In tenths of the 
chord back of the leading edge. The significance of the leading- edge 
radius designations is as follows: 0 is a sharp leading edge; 3 is 
one-fourth normal leading edge; 6 is a normal leading-edge radius; 
and 9 is -three times a normal leading-edge radius or greater. (See 
reference 2.) 

For the 230 series of airfoils (reference 28), the maximum camber 
is 15 percent of the chord back of the leading edge and the camber has 
a value such that the ideal angle of attack for the mean line will corre- 
spond to a lift coefficient of 0.3. For the charts of the present report, 
an X In place of one of the shape variables indicates that ltB value 
is given along the abscissa scale, the curve holding for all the airfoils 
in that particular series. As other airfoils or streamline bodies are 
developed, the corresponding velocity coefficients may be plotted in the 
charts of figures 1 to 7» 



Symmetrical Airfoils at Zero Lift 

In figure 1 are presented the peak velocities for a number of 
symmetrical airfoils at zero lift. This chart will be useful in estimating 
the critical Mach numbers of struts, fairings, propeller shanks, or any 
other airfoils operating at Zero lift or having a thickness so great that 
the lift coefficient is a factor of secondary Importance. Individual 
airfoils are Indicated by circles. The thickness of the HACA airfoils 
for which a thickness variation is given is Indicated by XX In the 
designation of the airfoil. Thus, the HACA 0012- 63 airfoil is represented 
by a point on the OOXX-63 curve above 12 on the thickness scale. Peak 
velocities are given for a typical propeller shank at positions 0.2 
and 0-3 of the propeller radius from the hub. These values may be 
compared with the peak velocities on elliptic cylinders of equal thickness. 
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For symmetrical airfoils not represented in figure 1, a rough 
approximation to the peak velocities can he obtained hy fitting. an ellipse 
to the airfoil and taking the peak velocity on the equivalent ellipse 
as equal to that on the airfoil (reference 29) . The accuracy of this 
method obviously depends on hov closely the forward portion of the 
airfoil may he represented hy the ellipse. The assumption Involved Is 
that the velocities over the forward portion of the airfoil are only 
slightly affected hy the velocities over tho rearward portion. The 
equivalent ellipse may he ohtalned hy assuming that the major axis a Is 
twloe the distance from -the leading edge of the airfoil to the position 
of marl mum thlokoess and that the minor axis h Is equal to the thickness 
of the airfoil. The thickness ratio Is then 



h m thickness of airfoil In percent chord 

a " twice the position of maximum thickness In percent chord* 

The peak velocity may then he ohtalned from the relation 



The critical Mach number may he estimated from the peak velocity hy the 
use of the curve of Mc r In figure 1. Table H gives a comparison 

between peak velocities estimated by this method and those calculated by 
the more exact theory. The agreement is generally good. 
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TABLE II 

COMPARISON OF PEAK VELOCITIES ON SYMMETRICAL AIRFOILS 



WITH THOSE OF EQUIVALENT ELLIPSES 



Airfoil 


Thickness 
(percent 
chord) 


Location 

of 
maximum 
thickness 
(percent 
chord) 


Ai\ 

Peak velocity, I — J 


-JO W IIIA -l* Uu v_£- 

from 
equivalent 


nonrDutiftci 

from 
potential 












0006-63 


6.0 


30.0 


1.10 


1.10 


0009-33 


9.0 


30.0 


1.15 


1-15 


0009- 35 


9-0 


50.0 


1.09 


1.10 


0009-^5 


9.0 


50.0 


1.09 


1.10 


0009-62 


9.0 


20.0 


1.23 


1.23 


0010-63 


10.0 


30.0 


1.17 


1.17 


0009-6^ 


9.0 


kO.O 


1.11 


1.12 


0009-65 


9.0 


50.0 


1.09 


1.13 


0012-63 


12.0 


30.0 


1.20 


1.20 


0012-6*4 


12.0 


ho.o 


1.15 


1.16 


0012-65 


12.0 


50.0 


1.12 


1.15 


\j\j±SJ 


18 .n 




1.30 


1.28 


0025-63 


25.0 


30.0 


1.1*2 


1-39 


U.S. Navy 










No. 2 strut 1 


28.6 


38.I 


1.38 


1.37 


Eankine 
struts: 1 

I 
II 
III 
IV 

V 


28.5 
28.6 
28.5 
28.5 
28.6 


25.2 

3^-1 
38.2 

33-2 
14-0.2 


I.56 
l.k2 

1.37 
1.14-3 
1.36 


l.hl 
l.hl 

1-37 
1-35 
1-33 



See reference 30. 
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Lifting Airfoils 

Figures 2, 3, k, and 5 ar© similar to figure 1 "but present data for 
the estimation of critical Mach. numbers on airfoils at incompressible - 
flow lift coefficients of 0, 0.2, O.k, and 0.6, respectively. Cases in 
vhich the peaks are high and sharp, involving such large positive pressure 
gradients that the computed peak may ordinarily not "be attained, are 
indicated by double circles or dashed lines. 

For cambered airfoils, the minimum peak velocity occurs at some lift 
coefficient other than zero. This lift coefficient of minimum peak 
velocity corresponds to the theoretical maximum critical speed of the 
airfoil. Except for the case of symmetrical airfoils, it does not, in 
general, correspond to the 'ideal angle of attack discussed by 
Theodorsen and Garrick in reference 23. At the angle of attack corre- 
sponding to the minimum peak velocity for a given airfoil, the incom- 
pressible-flow lift coefficient will ordinarily be lower than that for 
which this airfoil is particularly suited because this condition corre- 
sponds to a marked negative-pressure peak on the lower surface equal, in 
fact, to the negative-pressure peak on the upper surface. The lift 
coefficients of minimum peak velocity for the airfoils included 
in figures 2 to 5 are presented with the corresponding peak velocities 
and critical Mach numbers in table III. This table is useful in inter- 
polating between the lift coefficients given in the figures because it 
indicates the lift coefficient at which the peak velocity changes position 
from the upper surface to the lower surface; hence, it defines a point of 
discontinuity in a plot of peak velocity against lift coefficient for a 
given airfoil. Peak velocities for lift coefficients intermediate 
between those given by the charts can be obtained "by interpolation, if 
a linear relation is assumed between peak velocity and lift coefficient 
except when the minimum, given in table III, occurs in the interval. In 
such a case, the value of (v"i/V 0 ) will be obtained by interpolation 

each way from the minimum. 



TABLE III 

PEAK "VELOCITY AND CRITICAL SPEED AT THE 
INCOMPRESSIBLE -FLOW LIFT COEFFICIENT OF MINIMUM PEAK VELOCITY 







Peak 


Estimated 






Peak 


Estimated 




Lift 


velocit-, 


critical 




Lift 


velocity, 

w 


critical 


Airfoil 


coefficient, 

Cl 


y-t r V 

w 


Mach 
number, 


Airfoil 


coefficient, 

°h 


Mach 
number, 






x u 'max 


Mcr 






x u/ max 


Mcr 


NAG A ! 
















^3009 


A 1 A 

0 .10 


T P)l 


a Co 

0 .oy 


"D^A-t^n 1 AO A 1A K 

jjoeing iu>fl., xu.p 


A Oil 


i oil 


A Cd 

(j .oy 


O oai O 
£- yJi.c- 


aA 
• (JO 


T 07 
1 .C f 


£7 

•Of 


TJAT? 1C TAR 


P£ 


1 p£ 

X .to 


•Of 


O OA! Pt 


.UO 


1 P7 


.Of 


"D A TP TO 1 A R 

Jr! .A.JJ . Xy, XU «? 


•yp 


l.pcf 




0*5aiO C\i 
cJOlc-b** 


AO 

•oy 


n P)i 


•oy 


uovcingen jyo , xj.f? 


■3A 

• 30 


1«37 


•ox 




•15 


x.xy 


T3 
• 1 J 


uovcxngen 30 ( , x 1 * .op 


RA 


A.4X 


c;o 
•59 


.pp 




7n 
. (<j 


WAP A - ijlf, Tp 


1 1 
• XX 


1 PR 


6A 

.DO 


PP1P 




X.ep 


68 


w-pp no 0.7 


• j4 


1 "5P 


• 04- 


PP1 S 


.no. 


1 .28 




TT.S. A. 27 n .IP 

U .0 .ii. t | , XX »X^ 


.1*7 


1 V7 


6i 
•ox 


PPiA 




1 .°.1 


61*. 


TT.R.A 11 6l 

U.O.A. jytD , XX'DX 


3P 
• >- 


X. 


•op 


2U09- 3^ 


.11 


1.17 

J. .J. 1 


.75 


Clark Y nroTjeller 








21+09 


.22 


1.20 


.72 


sections : 








21*12 


.17 


1.21 


•71 


6 


.22 


1.19 


•73 


21*15 


•17 


1.25 


.68 


9 


.21* 


1.22 


•70 


1*1*12 


.36 


1.29 


.65 


11.7 


.28 


1.27 


.67 


6512 


•59 


1.35 


.62 


18 


.1*1 


1.38 


.60 


Clark Y M,l8 a 


.27 


1.35 


.62 


Clark Y double-camber 








Clark Y M,15 


.2o 


1«31 


.64 


Navy design 5000 at 








Clark Y M, 9 


.37 


1.21* 


.69 


| = o.U, 17.5 

R.A.F. 6 propeller 
sections : 


• 50 


1.1*2 


.58 


NACA CYH, 18 
NACA CYH, 11.7 
C-72, II.85 


.11 
.16 


1.31 
1.28 


.61* 
.66 








.32 


1.27 


.67 


6 
9 
15 


.25 
.38 
•54 


1.22 

1.31 
1.1*2 


•70 
.61* 

•58 _ 



number after the comma in the folloving airfoil designations indicates the thickness of the airfoil 
in percent chord. 
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difficulty nay "be experienced, la arrlTtng at the proper value 
of c^ for use in the charts* With a given angle of attack the lift 

coefficient nay be assumed to Increase vith Mach number according to the 

Glauert factor l/y/l - Mq^ (reference 9) • The true lift coefficienta 
corresponding to the Incompressible-flow values given In the 

charts are then 

\/l - Mo 2 



If a value of c^ be assumed, this relation nay be used vith 
figures 2 to 5 and table UI to make a simple plot of and 
againBt c^. The Intersection of the two curves giveB and the 

corresponding value of M^. It vill usually be sufficient, however, to 
use ci In the charts to obtain an approximate value of that may 

be inserted in (8) to give a value of c^ for a second approximation. 

If the ving loading W/S is fixed, is a somewhat more 

complicated function of the Mach' number* Thus 

c . * 

1 ^? 

■where W/S must be taken as the ving loading pertaining to the particular 
section being investigated, and with T Q « MqBq, (8) gives 




c. S « JLi — ( 9 ) 



Vith the given value of W/8 and values of p Q and a Q corresponding 
to the existing temperature and pressure, Mo nay then be plotted 
against c^; and, vith M^ from figures 2 to 5 and table HI plotted 

against on the same scale, -the required values of Cj^ and Mqj. 

are given by the Intersection of the two curves. 

Streamline Bodies and Interference 

In figure 6 are presented peak velocities on prolate spheroids and 
certain other bodies of revolution. Except for the prolate spheroids 
and HACA fuselage form 111, the peak velocities have been obtained from 



20 



measured pressure distributions . In a manner similar to that suggested for 
symmetrical airfoils, the peak velocity on a streamline "body may be approxi- 
mated from the peak velocity of the prolate spheroid that can be most nearly 
fitted to the forward part of the streamline body* The curve for elliptic 
cylinders has been Included for comparison vith the prolate spheroids • The 
Induced velocity on a three-dimensional body is seen to be Isbb than half 
that en the corresponding two-dimensional body and -the ratio to decrease 
as the fineness ratio increases. A curve for the prolate spheroids 
at 6° angle of attack is Included to show the increase In peak velocity 
vith angle of attack. The computed effect is small, though a much larger 
effect vas found experimentally for the U*3. airship Akron. From the 
given peak velocities, the critical Mach numbers for bodies of revolution 
can be estimated. The critical speeds of three-dimensional bodies will 
generally be much higher than the critical speeds of tvo-dimensional bodies. 

Whan two aerodynamic bodies are operating close together, the critical 
speed of the combination may be lover than -that of either body operating 
alone because each is Influenced by the velocity field of the other. A 
rough approximation to the critical speed of -the combination may be obtained 
by considering the body having the lover critical speed to be operating in 
a velocity field given by 



of the forward velocity 7 0 , due to the other body. For small (usual) 

values of the velocity ratio, a good approximation to the effect of 
compressibility 1b given by multiplying the induced velocity by the 




factor 




Thus 




The critical speed of the combination is -then given by 



Critical Mach number of combination > 



"cr 




where 
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and Mqp 1b the critical Mach mtniber of too tody baring the lowest critical 
speed, usually the wing. (See figs. 1 to 6.) The value Mq - In the 



factor I/V 1 " Mo should Btriotly "be somewhat Iobb than M^. "but the 
error involved, in using la small and conservative. If several 

todies contribute interference, A»iAb may he taken as the sum of the 
interfering velocities: 



Tor oodles operating behind the propeller, tho effect of the slipstream 
may he Included by adding the excess velocity AV/V Q due to the 
slipstream at high-speed operating conditions directly to the excess 
velocity AV/Vo due to the interference. 

In the estimation of the interference velocities due to a body at 
a distance, an additional compressibility effect may be Included by 
expanding the field of -the interfering body in a direction normal to 



the flow in the ratio 1/ y 1 - Mq (see reference 8) or otherwise, for 
the estimation from incompressible-flow data, decreasing the distance by 



the factor y 1 - Mq . The effect of this correction on the estimated 

critical Mach number will usually be insignificant but, If it is to be 
applied, an approximate critical Mach number obtained without consider- 
ation of this correction may be used for estimating the expansion of the 



Interference and slipstream velocities often operate to change the 
lift coefficient of the wing seotlon subject to the Interference, but 
the effect is assumed to be sufficiently small that the change in angle 
of attack of the airplane is negligible* 

The method outlined has not yet been fully Justified by experiment 
and may not, in every case, be conservative; but, pending further results 
of experiment, it should serve for a rough approximation of the effect of 
Interference on the critical speed. If pressure distributions are 
available far nacelleB, cowlings, windshields, or other bodies, they may 
be converted Into induced velocity coefficients by the low- speed relation 
between Induced velocity coefficients and pressure coefficients 







field. 




The peak velocities may then be used either to estimate the Interference 
of the body on the airfoil and the critical speed of the combination or 



22 



to predict the critical speed of the body alone. For blunt bodies, such 
as cowlings and windshields, the critical speed may be lower than that of 
the wing and It may be desirable to estimate the Interference effect of 
the wing on the critical speed of the body. For many bodies, the peak 
velocities may be estimated directly from figure 6. For an estimation 
of the Interference effect at a distance from the surface of a body, 
figure 7 shows the decay of velocities with distance In the median plane 
of prolate spheroids and elliptic cylinders. 

The method of estimating critical Mach numbers when Interference 
is present will be demonstrated by an example . 

Assume a two- engine monoplane of the following characteristics: 



Wing loading, pounds/square foot 32 

Wing profile at fuselage HACA 23018 

Wing profile at nacelle NACA 23016 

Fuselage width, Inches k8 

Fuselage length, Inches U80 

Distance from airplane center line to 

nacelle center line, Inches ..... 108 

Nacelle diameter, Inches 56 

Operating altitude, feet 20,000 

Density ratio O.5327 

Velocity of sound, miles per hour 709 

Velocity of sound, feet per second 10^0 



The fuselage fineness ratio is 10 in plan view and 8 in elevation. 
The induced velocity at the wing-fuselage Juncture due to the fuselage 
Is estimated to be the same as for a prolate spheroid of fineness ratio 6- 
The Induced velocity at the nacelle-wing Juncture due to the nacelle 1b 
estimated to be the same as far a prolate spheroid of fineness ratio 2 .5. 
The corresponding induced velocity (fig. 7) Is 0.15 and the corresponding 
pressure coefficient, approximately P « -0.3, agrees with values 
commonly found on the central part of nacelles. 

At the wing-fuselage Juncture, the maximum Induced velocity due to 
the fuselage (fig. 7, fineness ratio ■ 6, x/D ■ 0.5$ or see fig. 6) 
is 0.03 and that due to the nacelle (fig. 7, fineness ratio - 2.5, 
x/D - (108 - 2IO/56 - I.50) is 0.025. The critical Mach number for the 
If AC A 23018 airfoil is estimated from figures 2 and 3 as follows: 
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M cr ving along for c^ "0 O.650 

Mjjy wing alone for - 0.2 O.605 

Fuselage *ST±jT 0 ....... 0.05 

Hacelle AVi77 0 0.025 

Fuselage + nacelle Wi/V Q '■ • 0.075 

Fuselage + nacelle AV/7 0 far 07. -0[- SEL— \ .... 0.099 

1 \ Vl * 0.650V 

Fuselage + nacelle AV/V 0 for o^ - 0.02 y 9 m VTl mgj d . . o.09k 
Mqj, wing + fuselage + nacelle for o^ - 0 ^» 1 + '0^099) " * * °*592 

Mff- vlng + fuselage + nacelle for ci, - 0.2 ( - 0,g ° 5 ^ . . 0.553 
w '1^1+ 0.09U/ 

With values of Mq ohosen near the values of *^. r , corresponding values 
of o^ from equation (9) are 

c u for JC ■ 0.60 Cm L>L32 0 . 10k 

1 \ 0.002378x0.5327x10^ 0.60 2 / 

c„ for *, . 0.56 (. 5 ii*^ 

1 \ 0.002378x0 .5327X10U0 2 0.562/ . . . .\ 0.124 

The Intersection of the and the lines In figure 8(a) 

gives the required critical Mach number 

Mcr ■ °"57 

and the corresponding critical speed at 20,000 feet 

V cr ■ 0.57 x 709 - ^Oh miles per hour 

The approximate critical speed thus obtained could be used to reduce 
the distance to the nacelle from x/D ■ 1.5 to an effective distance 

- 1-5 X v^l - O.57 -1.32 and, from figure 7, the coefficient 
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of the Interference Telocity due to the nacelle would he 0.030 Instead, 
of O.025. The corresponding value of the critical Maoh number la 0 .567 , 
hut the accuracy of the method is insufficient to Justify this correction. 

At the inboard wing-nacelle Juncture, the nwrlnrnm Induced Telocity 
due to the nacelle (fig. "J, fineness ratio - 2.5, x/D ■ 0.5; or see fig. 6) 
is 0.15 and that due to the fuselage (fig. 7, fineness ratio - 6, 
x/D - (108 - 28) /hB m 1.67) ia 0.015- The Induced velocity in the 
slipstream at high speed is assumed to he 0 .Ok. The critical Mach number 
at this point on the vlng is then: 

wing alone for c^ - 0 0.668 

Mjjp wing alone for c^ - 0.2 . . O.613 

Uacelle AVi/V 0 0.15 

Fuselage AYj/Vq 0.015 

Hacelle + fuselage AVi/7 0 O.165 

Nacelle + fuselage AT/Vq for c Li ■ 0 I ■ "7""^™^"^l 0.222 

1 \ VI- 0.668V 

ffacelle + fuselage AV/7 0 for c^ - 0.2 ^- ^—2jl£5— ^ 0.209 

Slipstream AV/V 0 O.OkO 

Mcr vlng + nacelle + fuselage / _ ggs \ 

+ slipstream far c, -0 1- ) O.529 

h \ 1+0 .22+0 .Ok/ 

Mc r wing + nacelle + fuselage / 0.613 \ 

+ slipstream for c 7 - 0.2 (- * 1 0.^91 

H \ 1+0 .209+0 .ok J 

From relation (9) , 

ci ± for Mj, - 0.53 O.llH 

c I± for Mq - 0.U9 0.170 

The plot of Mq and against c^ in figure 8(h) shows 

Mcj. - 0.50 

V cr at 20,000 feet - O.50 x 709 - 355 miles per hour 



The critical point- <-*i the wing Is therefore the nacelle-wing Juncture. 
Because this critical region is small, however, the drag increase will he 
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less serious at the corresponding critical Mach number than If the "break- 
down of the flow had occurred over a larger part of the wing. 



ZCt . EFFECT OF V/EICrtB A3EF0IL SEAPE CEAHACTEUBTICS 



From the foregoing charts and discussion, It Is apparent that high 
critical speeds correspond to low peak negative pressure (or velocity) 
coefficients* As a partial answer to the question of Just wiiat kind of 
airfoil Is best for high speeds, a brief and necessarily incomplete 
analysis and discussion of airfoil shape characteristics In relation to 
critical speeds will be presented. 

Because of the required pressure difference between upper and lower 
surfaces of the wing the critical speed must, In. general, necessarily 
decrease with Increase In the absolute value of the lift coefficient; 
but this effect is often masked by the effect of the large additional 
pressures that appear near the nose when, either through angle- of -attack 
change or through camber, the nose angle of attack becomes different 
from zero • A negative-pressure peak near the nose may often be relieved 
by a change In camber, and the airfoil may thus be rendered more 
suitable for use at the given lift coefficient. This fact is illustrated 
In the charts (figs. 2 to 5) where, as the lift coefficient is Increased, 
the more highly cambered airfoils show the lowest velocity coefficients 
and the highest critical speeds. 

One of the moBt important shape characteristics is thickness. The 
influence of thickness is evident from the curves of figures 1 to 6. 
Except where some other characteristic - such as camber or leading-edge 
radius - is effective, the Induced velocity at constant angle of attack 
is almost a linear function of thickness, nils result might have been 
expected from the results for the elliptic cylinder, for which the 
TTtaTlnmni induced velocity coefficient at zero lift is equal to the thickness 
ratio. The rate of increase of velocity with thickness is generally 
somewhat greater for airfoils than for elliptic cylinders because of 
the necessity for a streamline tail. As the thickness is increased, the 
airfoil becomes less sensitive to other characteristics and, for very 
thick airfoils, the peak velocity is determined largely "by the thickness. 

Figure 9 shows the Influence of the position of marl mum thickness, 
which is Indicated In the airfoil designation "by X. For symmetrical 
airfoils at zero lift, the highest critical speed is attained If the 
position of maximum thickness is about 50 percent of the chard f r o m 
the leading edge. This condition should also be true for cambered airfoils 
operating near the best lift coefficient. The curve of figure 9 through 
the points for the HACA 23012-63 and the BACA 23012-64 airfoils 
at Cn. > 0.1 indicates this trend. 
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The effect of camber is shown In figure 10, where each airfoil is 
represented at the lift coefficient of minimum peak velocity* As would 
"be expected from the fact that the lift coefficient corresponding to 
minimum peak velocity increases as the camber is Increased (see fig. 11), 
the velocity coefficient is increased by camber. Figure 10 also Indicates 
that the effects of camber are less marked on thick airfoils and that thin 
airfoils are particularly sensitive to changes of camber. 

Figure 12 shows the effect of the position of marl mum camber on the 
velocity coefficient for the lift coefficient of minimum peak velocity 
of several HACA airfoils. Thus, the decreasing velocity coefficient 
with rearward movement of the maximum- camber position is partly due to 
the fact that the lift coefficient corresponding to minimum peak velocity 
becomes less; but other considerations indicate that this trend is the 
same If the lift coefficient is eliminated as a variable, so that camber 
positions forward of the 1*0 -percent-chord point are not to be recommended 
far high-speed airfoils. 

Another characteristic affecting the critical speed is the leading- 
edge radius. The significance of the index of the leading-edge radius 
as well as of the other numbers designating the variables In the airfoils 
of the liACA series is explained in reference 2. The leading- edge radius 
Is particularly important If the airfoil Is to be operated at an angle 
of attack different from the Ideal (reference 31) • If the leading- edge 
radius is too small (say, near index 3), high, sharp, negative-pressure 
peaks will be built up on the leading edge when the angle of attack 
varies considerably from the ideal. If , on the other hand, the index 
of -the leading-edge radius is greater than about 6, a negative-pressure 
peak may occur on the leading edge at or near the ideal angle of attack. 
A somewhat larger index may be permissible for -thick airfoils than for 
thin ones. Figure 13 Indicates that, for the 9 -percent -thick symmetrical 
alrfollB at zero lift, an index near h gives the lowest peak velocities. 
Further Investigation, taking account of the maximum lift as well as of 
the peak negative pressures over the angle- of -attack range, 1b needed to 
determine what leading- edge radius is most satisfactory for airfoils to 
be used in high-speed operation. 



COHCLODHTG REMARKS 



Critical compressibility speedB can, In most cases, be satisfactorily 
estimated from pressure or velocity distributions not only for two- 
dimensional but also for -three-dimensional flow. The relation between 
peak velocity and critical Mach number is given, together with the 
necessary peak-velocity data for a large number of airfoils and streamline 
bodies, so that the critical Mach numbers can be conveniently estimated 
directly from the charts. A method is Introduced to allow for the 
interference from other bodies, thus permitting a closer approximation 
to the critical speed of the combination of wing, fuselage, and nacelles 
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than wuld otherwise he obtained.. Because the method of allowing for 
interfering velocities may not in every case he conservative , ample margin 
should he allowed in the design of parts subject to such interference* 
Fending further Investigation, the method should, however, furnish a 
satisfactory engineering approximation to the effect of Interference 
velocities on the critical speed. 

The critical speed of an airfoil is determined by the thickness, 
the thickness distribution, the camber, the camber distribution, the 
leading-edge radius, and the lift coefficient at which the airfoil operates 
at high speeds. For high critical speeds, the positions of maximum 
thickness and maximum camber should be In the vicinity of the 50-percent- 
chord point, and the camber should be chosen for the lift coefficient at 
which the high- speed operation will occur. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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Figure. I. — Peak velocities and critica I speeds for symmetrica I 
airfoils at z.e.ro lift. Airfoils designated only by numbers 
belor>y to the A/A CA family- 
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figure. <2 . — Peak ve/ocit/es and critical speeds for a/r/b/Zs at C2~ = 0. 
Double. c'/rcJe or dashed line denotes that actual Sue. of pe&H 
velocity may /be /ess than indicated- Airfoils des/'ynat&d on/tj btj 
numbers belong to the. NACA family. 
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Figure -3. — Peak ve,locifi'es and critical speeds fora)r/bi/s at C^- = O.2. . 
Doub/e circle, or dashed line, denotes that acfaa / ra/ue. of pea k ve/ocittj 
may be. /ess than indicated ■ Air-Foils des/gnated only by numbers 
belong to the. NACA. family . 
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Figure. 4. — P<sat< ve/oc/ti&s and Criticci/ speeds for airfoils af C^. = 0.4-. 
Dashed //ne denotes that actual va/ue of peak re/oc'itif rr> a y <6<s /ess 
than indicated. Airfai/s des/'g noted on /y £>y numbers &e/onj to 
the NACA fam'ilij- 
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Figure. -J . — Peak velocities and critical speeds for airfoils at C} . =0.6> ■ 
Dashed line, denotes that actual value of pea k velocity may he 'Jess 
than i ndicated . Airfoils designated only by numbers belong to the 
ISIACA family. 
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O /VAC A form III (reference 18) 
X d/-72 / airship snodel(refere./ice,/£>)meosutai 
O U5.airship Akron ,Oi.-0'(referenceZq) " 
O U.S.airshlp Akron, 0L = 6 "(referenozed) " 
A &ody A ( reference. 2.1) " 
V fioc^ iS (reference 2.1) " 
A Body Aoret (reference 32) \ " 

N Short bluff body (reference 23) 
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Figure G. — 



P'eok velocities and critical speeds for bod/es of revolution. 




Figure 7.- Decay of velocity in the median plane of prolate 
spheroids and elliptic cylinders. 
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Figure 8. — Defer mi nation of critical 
Mach number for an airfo// with given 
/iff /oad/'n<a from intersect/on of curves 
ofA/iach number and criticaf A/fach 
nunnbe.r above incompressible, - f/oiv 
/iff coefficients. 




Figure 9.- Variation of peak velocities with position of 

maximum thickness. cjj« 0 except as otherwise 
noted. Airfoils belong to the N.A.C.A. family. 




Figure 10.- Variation of peak velocities with camber. The value of 
c !l in each case is that for which the peak velocity is 
a minimum. Airfoils belong to the N.A.C.A. family. 




Figure 11.- Camber corresponding to the minimum peak velocity for 
a given lift coefficient for airfoils of the N.A.C.A. 

family. 




Figure 12.- Variation of peak velocities with position 

of maximum camber. The value of c 2 . in each 
case is that for which the peat velocity 1b minimum. 
Airfoile belong to the N.A.C.A. family. 




Figure 13.- Variation of peak velocities with leading- 
edge radius (c 2 .= 0) for airfoils of the 
N.A.C.A. family. 
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